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ABSTRACT
Protein prenylation is a post-translational modification that involves the addition of lipid
groups to the carboxy end of a target protein and is necessary for protein activity. Prenylation has
important roles in the cell: targeting and localizing proteins to subcellular compartments and
promoting protein-protein interactions. As a highly conserved process in eukaryotes, prenylation
is especially important for plant development. In contrast to other eukaryotes, in which loss of
prenylation components can be lethal, in plant Arabidopsis and moss Physcomitrella patens (P.
patens or Pp), most are viable. Prior studies have shown that prenylation is involved in ABA
hormone responses, polar cell elongation, and cell fate determination. Maximizing its utility may
have important implications in preventing developmental defects in eukaryotes, as well as in the
development of algae biofuel.
Recently, the Running lab has found Protein Prenyltransferase Alpha Subunit-like
(PPAL), which shares structural similarities to known prenylation enzymes. However, the
biochemical function of PPAL is still unknown. What is known is that PPAL is present in a single
copy in other plants examined to date but is present in two copies in moss. Knockouts in the
Running lab of either PpPAL1 or PpPAL2 in moss P. patens has proven to be lethal, suggesting
that PPAL1 and PPAL2 are essential for survival. For reasons of conserved prenylation
mechanisms and its role in development, this study was designed to expand the preliminary study
across plants and explore the role that PPAL1 and PPAL2 play in growth and development in
moss P. patens.
To characterize the functional role of PpPPAL1 and PpPPAL2, knock-down approaches
using microRNA to suppress gene expression and in-depth phenotypic studies will be used. By
synthesizing an inducible artificial microRNA, inserting it into a custom moss transformation
vector, and introducing this vector into moss grown under conditions of DMSO and β-Estradiol,
the expression levels of PpPPAL1 and PpPPAL2 will be reduced and assessed. Overall, this
study can provide more information as to conserved prenylation mechanisms and their role in
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growth and cell fate determination, which in turn may provide more insight on developmental
diseases, biofuels, and evolutionary processes in the colonization of land plants.
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INTRODUCTION
Many eukaryotic proteins undergo post-translational modifications that govern their ability
to function inside the cell. One important modification in eukaryotes involves the attachment of a
15- or 20-carbon lipid group to the carboxy end of target proteins. Known as protein prenylation,
this modification facilitates the targeting of proteins to subcellular compartments and enhances
protein-protein interactions as a result of increased hydrophobicity [1, 2].
Prenylation is a highly conserved process among eukaryotes [1, 3, 4]. Three known
heterodimeric enzymes carry out the attachment of a 15-carbon farnesyl or a single or dual 20carbon geranylgeranyl group: protein farnesyltransferase (PFT), protein
geranylgeranyltransferase (PGGT), and Rab-geranylgeranyltransferase (Rab-GGT) [3, 5]. PFT
and PGGT share a common α subunit, but have distinct, distantly related β subunits. PFT
prenylates proteins that have a CaaX sequence at the C-terminus, where C is the prenylated
cysteine, a is aliphatic, and X is usually alanine, cysteine, glutamine, methionine, or serine [3, 5].
Likewise, PGGT targets proteins with a similar recognition sequence, except X is nearly always
leucine. Rab-GGT targets single or dual cysteines at or near the C terminus.
A number of important proteins are prenylated by PFT, PGGT, and Rab-GGT. PFT and
PGGT target members of the Ras superfamily of small GTPases, heterotrimeric G𝛾 Proteins,
several kinases, structural proteins, and many others [5-7]. Rab-GGT prenylates Rab-GTPases,
which play a role in both organelle biosynthesis and vesicle transport in the endomembrane
system [2, 8], though recent evidence from the Running lab suggests that plant Rab-GGT can
prenylate non-Rab proteins [8]. Studying prenylation further could provide the means to stop the
activity of proteins implicated in certain diseases. For example, overactive Ras, a prenylation
target, is estimated to be present in nearly 15% of human cancers, and studying prenylation
inhibitors as chemotherapy agents is a promising research direction [1, 7, 8].
Prenylation is especially important in plant development. Mutations of prenylation
enzymes in the flowering plant Arabidopsis thaliana (A. thaliana or At) and the moss
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Physcomitrella patens (P. patens or Pp) show considerable developmental defects.
Mutations of the AtPFT𝛽 subunit isolated by Dr. Running, known as enhanced response to
abscisic acid (era1), result in enlarged meristems, disturbances in floral organ number and
patterning, and reduced growth [9-11]. era1 mutants are also much more sensitive to abscisic
acid (ABA), a hormone produced to help plants tolerate drought conditions by inhibiting seed
germination and reducing respiration [12-15].
Surprisingly, the loss of AtPGGT𝛽subunit activity (the ggb mutant) does not show any
changes in phenotype under normal conditions [1, 8]. The visible mutant phenotype is identical to
wild type, but with slightly increased sensitivity to exogenous ABA [17]. However, gene knockouts
performed by Dr. Running of the shared 𝛼 subunit of AtPFT and AtPGGT, called pluripetala (plp),
display extreme developmental defects, including larger shoot meristems, stem fasciation, and
extra floral organs, as well as greater responsiveness to ABA [1, 8, 16].
No phenotypes have been reported for the two Rab-GGT 𝛼 subunits of A. thaliana,
though biochemical studies show only one of the 𝛼 subunits, RGTA1, is functional, as RGTA2
has an amino acid insertion in a critical region of the protein that arose in the A. thaliana lineage
[8]. The two 𝛽subunits, RGTB1 and RGTB2, are biochemically equivalent but have different
expression patterns; mutations in these disrupt cell elongation and branching [17].
In contrast, Ppera1, Ppggb, and Ppplp mutants of P. patens resulted in developmental
defects that provide additional information as to conserved prenylation mechanisms in plants.
Moss is a multicellular plant with a simpler developmental program; in its early growth it is
composed of protonemal structures (filamentous rows of cells that extend at the tips). The first
protonema cells are chloronema, photosynthetic and chloroplast rich, and these differentiate into
caulonema cells, cells that help in propagation [18, 19]. After some time, protonema will give rise
to shoot-like gametophores, the reproductive structure of moss, as well as root-like rhizoids that
serve an anchoring role [18, 19]. Ppera1 mutants exhibit strong phenotypes, including reduced
cell propagation and the inability of chloronema cells to differentiate into caulonema cells [20]. In
Ppggb mutants, the cells have reverted into a unicellular algae-like organism, including loss of
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cell polarity and differentiation and lack of cell adhesion [20]. Ppplp mutants had even
more severe developmental defects including reduced growth and increased mortality [20].
Knockouts of the single Rab-GGT α subunit, PpRGTA, are lethal, as are double knockouts of the
two Rab-GGT β subunits, PpRGTB1 and PpRGTB2 [20].
Developmental defects observed in A. thaliana and P. patens mutant lines are of
particular interest, with several applications in agriculture and the biofuel industry as well as
greater insight into the evolution of terrestrial organisms. For instance, prenylation plays an
important role in stemming water loss during drought conditions, which could be useful in
preserving agriculture yield. In addition, the unicellular algae-like state of Ppggb mutants
accumulate oil at faster rates, which may be beneficial for biofuel production. Reversion of moss
into a unicellular, algae-like state is indicative of the role that prenylation serves in the
establishment of multicellularity and cell specialization, which is thought to have been key
components in the colonization of land by plants.
Most importantly, these prior studies reveal the need to study prenylation and its
conservation among eukaryotes. Differences in mild to severe developmental phenotypes across
mutant types suggests a greater functional overlap of PFT and PGGT in A. thaliana compared to
P. patens and other eukaryotes [20]. In the absence or partial loss of the PFT 𝛽 subunit, A.
thaliana PGGT can compensate and prenylate PFT target proteins and vice versa, explaining the
mild phenotypes seen in Atggb mutants compared to Ppggb mutants [21]. This unique cross
specificity is not evident in other eukaryotes such as yeast and mammals, in which loss of any
one prenylation component is lethal [1, 22, 23]. Even with this knowledge, it remains unclear as to
what allows for the viability of plp mutants in these plant systems.
Recently, the Running lab has identified a previously uncharacterized protein that they
called Protein Prenyltransferase Alpha Subunit-Like (PPAL), which is hypothesized to play a role
in the viability of plp mutants. PPAL shares weak sequence similarity to the α subunits of the
known prenylation enzymes PFT/PGGT and Rab-GGT [1, 8]. It appears to be present in all
plants, absent in all fungi, and present in most, but not all, animals. Preliminary studies of PPAL
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in A. thaliana reveals that PPAL is required for sugar metabolism and development.
However, the biochemical function of PPAL remains unknown. PPAL is generally present in a
single copy in flowering plants examined to date but is present in two copies in moss [8, 24].
Interestingly, the loss of either PpPPAL1 and PpPPAL2 function in P. patens is lethal, suggesting
that both PpPPAL1 and PpPPAL2 are essential for survival and are not redundant [20].
Further investigations are needed to understand why knockouts of either copy of PpPPAL
result in mortality and to understand their biological role. It is likely that PpPPAL1 and PpPPAL2
have either diverged in their functional roles or that both copies perform the same task but are
required at high levels to compensate for each other’s loss. This study was designed to expand
past preliminary data across plants and explore more specifically the role that both PPAL genes
exclusively play in growth and sugar metabolism.
P. patens is an excellent model organism for plant prenylation studies. As one of the
earliest plants to colonize land, P. patens leads a haploid-dominant life cycle that makes it easier
to perform genetic analysis and assays [25]. P. patens does not require much effort to culture [26]
and its genome is known [26]. Knockout and miRNA gene knockdown (of any one or multiple
genes) can be readily performed and has been adopted in studies of gene families [25, 27-30]. In
addition, P. patens is unique among plants in that it permits efficient gene targeting as a result of
its specifically high rate of homologous recombination gene replacement.
The haploid gametophyte itself has a distinct life cycle (Figure 1) characterized by two
important developmental stages: protonema, filamentous tissue composed of chloronema and
caulonema cells, and the gametophore (or leafy shoot), which differentiates from protonemal
buds (at the apical meristem) that initiate reproductive organs and anchoring root-like structures
called rhizoids that arise from the base of the plant [18, 19, 30]. Chloronema cells are the first cell
type present after spore germination or from regeneration from protoplasts that are relatively slow
growing and are chloroplast-rich. Chloronema cells support the photosynthetic growth of moss.
Chloronema cells later give rise to caulonema cells, which have fewer chloroplasts, and divide
more rapidly at the apical tips, which helps in elongation and propagation of moss on land. After
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the formation of the gametophore, the life cycle continues with formation of male and
female sexual organs (antheridia and archegonia) and finally the diploid sporophyte that produces
and releases viable spores.
Transformation experiments take advantage of the developmental stages of P. patens
and its efficiency with homologous recombination by introducing DNA to protonema or protoplasts
[39]. Caulonema cells typically have lower efficiency for transformation than chloronema cells [31,
32]. As a result, transformation of P. patens is most efficient during the chloronema-reached
protonema stage of moss, which is possible by maintaining fresh protonemal cells through
subculture.

Figure 1. Life cycle of moss P. patens [33]. The life cycle of P. patens is characterized by an
alteration of two generations which begins from the haploid spore (a), which forms protonema (c),
a filamentous network of chloronema and caulonema cells (d). The life cycle continues with the
formation of the gametophore (g) to give rise to the diploid sporophyte that releases viable
spores.

Hence, the moss P. patens is an excellent model organism to study conserved
prenylation processes and to study exclusively the loss of function of the two PPAL genes.
Knockdown approaches using microRNA to suppress gene expression and in-depth phenotypic
studies were used to study the functional role of PPAL1 (Pp1s31_293V6.3) and PPAL2
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(Pp1s42_163V6.1) in the moss Physcomitrella patens [26]. Findings from this research may
provide more information on the degree to which prenylation mechanisms and functions are
conserved across plant systems and offer more explanation as to the non-functional redundancy
of PPAL1 and PPAL2.

MATERIALS AND METHODS

Design for amiRNA using WMD3
Prior to this study, 4 artificial microRNAs (amiRNAs) were used to knock down the
expression of the two moss PPAL homologs: two targeting PPAL1 and two others targeting
PPAL2. The cDNA sequences of PPAL1 and PPAL2 are presented in Figure 2, with the
sequences targeted by the amiRNAs underlined. During this study, 6 new amiRNAs were
designed: 2 targeting PPAL1, 2 targeting PPAL2, and 2 targeting both PPAL1 and PPAL2. The
oligonucleotide (oligo) sequences for each amiRNA were created using the cDNA sequence of
each gene from the amiRNA designer web site Web MicroRNA Designer (WMD3;
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Home;project=stdwmd). The cDNA
sequence is the same as the mRNA sequences of the PPAL homologs in P. patens. The criteria
used in the design of the amiRNA candidates was that they should target and bind different
regions of the target PPAL mRNAs. WMD3 provides amiRNAs that meet these criteria along with
candidates that should have no predicted off-target genes, have a lower degree of 5′ instability,
and large hybridization energies of the amiRNA when paired to the target site in the target gene.
The cDNA sequence for PPAL1 and PPAL2 is shown in Figure 3, with the sequences
targeted by amiRNAs highlighted. The miR319a forward and reverse primers (miR319a-F:
caccAGCTTGATATCGAATTCCTG [CACC at the 5′ end is for pENTR/D-TOPO] and miR319a-R:
GCTCTAGAACTAGTGGATCCCCC) and the oligo primer sequences for each amiRNA-encoding
fragment (miR-s ~ miR*a) used for cloning were also designed in this web page using the

6

amiRNA sequences as shown in Table 1 and Figure 4. Groupings of the oligo primer sequences
and the amiRNA these sequences construct are shown in Figure 5. The overview of methods,
including the design of the amiRNA constructs, are shown in Figure 6.

AmiRNA1 targeting for PPAL1: CCGCAAATAGTCGCGCAAATG
AmiRNA2 targeting for PPAL1: AGGGATCTGATTAAACAATTT
cDNA sequence for PPAL1:

FT exon

1..24

FT exon

25..272

FT exon

273..881

FT exon

882..995

FT exon

996..1095

FT exon

1096..1164

FT exon

1165..1290

FT CDS

190..1290

AGTTGTTGCAGTTTTATGGTTAAGGATCGATGCTACTTGACGAGGGAGACGGTAHERETAAG
ATCTCTGGGAGGTAGCAGAGGTGATGAAAAGGAGGTTTCCTGGGCTGGCGATGGTGGGTAA
GATGGAGTGCGTCTAGAGGTGATAAAAAAGCTGGTGAGGTCAGAGGTGGAGAGTGTGGAAT
TGAGAAGCGATGGCGGAAGAAGAGGACTCGTGGCAGCACGGAGTGAGATTGGTGTTGCAC
TTGGATTCGATTCTCGAAGGTGATCCTTACATGTACGTCGCGCTTCTTCCCACTGCAATTGTT
GCGCGTTTCTCTCTGTCTGCCTGTCTCAGCAAAGAGAGTGATGAGATCGGGTTTGTGCATCC
ATCTCAGCTCGAGAGCTTGCACTCAATTGGAAATTTCGCTCTAGAACATAAGAAGCCCTTTTT
TATGAAAACGAGGAGGAAAGCTGAAGGCCAAGGAGAAGCAGATGACACTGGTCAGTATGCA
GAGGATTGTTCTCAGAGAAATGAAGGGCATGAAGTAGAAGCCGAACCTCCTGGTATCAATCC
AGATCAAAGTTATTTAAACAATGTGCAAGGGAAATTTATTGATTTTTCGTACGACAAATCGGC
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ATTTTGGTGTGCTCATCACAAGCTCGCCATTGCCGTGTCTGCTCTTGCTCCTATTTACGAAGT
AGCTAGAAAAGAATTTCTTGCAAACAGAAAAG
CACATGCACAATGCCTGACTGGTACAAGGAACTCTGTCATGTCTCCATCTTCCCTCAGCTTC
CAACTTTTAGAAGGTGGCTTGTGCAACCGTTCCGCAAATAGTCGCGCAAATGGTAATGGAA
ACGTGCAGTTCCAAGGACAAAATGGAGCTGTCCATGCCCTATTGCAGAAGAATCTCATGCTG
TATTCAAGAGTGTTAGTAATTGTGAACTGTGACTTCGCAAGCGCTTGGAATGCTAGAAAACG
CGTATTGTCGAGAATGGAGGCAACCGAGGAATTTCTTTTGGCCGAGCTTCGTTTAGCAAGGA
TGGTGTTAGCCTATGGTCCAAAGAGCGAGGAGTCGTGGGCTTACAGGCGGTGGATTATCGA
TCGAATGATTTCCGCTGGACTTCCATGGAATACTGTAGGCTCAGTCCTAGAAGGCGACTCAA
TGCTCGTGGAAGCCATTGCTGGGAGGTCGAGGATGAACTATCGGGCTTGGCGCCATCGCTA
TTGGCTTGTCTCACGCATGTCACTTCAGCAGGTAGCATCAGAGTTACAAAACACAAAGAGAT
TGGCGCAACTACATGTAGCTGACAACTGCTGCTTCCATTATCGACGATGTCTACTTTTAGGTA
TACTTCAAGCTGGATTGATGCCAAATGAAAAGAATGTGAACAGTCCAACTCTGGTCGCTTCC
AGAGCACAGGCTGGCTTATCTGCTGCTTTGATTGTGAACCCGCAGCTTTTGACTACATTATG
GAAGGATGAACTATCTTGGAACAGGGATCTGATTAAACAATTTTTTGGTTTTGAGCACGTAG
GAGGAAAAGAGGATGGAACGAACGGACTTTCAAATGGTAGGTTGTTGGAGCTGAACAATCT
GGAGCTCTTGCTGAAGGATGTGAGTCCACATCGTGATTGCCTATGGAATGGTCTGATTCCGA
ACCTAGTCTGA

AmiRNA1 targeting for PPAL2: AAGACTGTAGACTTAGTCTTA
AmiRNA2 targeting for PPAL2: ACGCTAATGGTTACGTAAATG
cDNA information of PPAL2:

FT exon

1..389

FT exon

390..641

FT exon

642..1250

FT exon

1251..1364
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FT exon

1365..1464

FT exon

1465..1533

FT exon

1534..1611

FT exon

1612..1755

FT exon

1756..1806

FT exon

1807..2079

FT exon

2080..2537

FT CDS

559..2220

GTTTGACCTCATCAACGAGCAGGAGGAGGCGGTTTGTGAGGAGAAGACGGAGCTTGGGCC
CCGCCATAGCCAGGTGCGTGCTGCAGGGCACAAGGTGGAGGAGAACATTGCAAGAGCGTT
GCAGGAGCGAGCCATCGAGTGCGAGTGCGAGAGAGACAGAGTGGATCGCCGAAGGCTCAG
TCCTAGCCACACTCCGCATTCTCCGACGCAGCCTGACCTGGCCCAACTCCCTGCTGCTTCTT
TTTCCCCACCTTTCCCCTTTCTTTACCCGTTTCCAGTCTAACTCGCCCCTTCTCCTCCCCTTT
CCCTTCCCTTCCCCTGCATCCACACCTCTGTCTCACATTGTCACTTCACTTCCTCGGCAGATT
TGCATTCCGATCATTCCACTCGATCACGGTTATGAGGAGATGAAGATGGTGCTAGATCTCTG
GTATCGGATGGCGGTTTTGAGAAAGTGAGCTTGGCTGGCAGCGAGGACGCTTGGTCAGAAG
GGGGTGAGTTTAGAGGAGGCTTGTGGCTGTGAGATCGATTAGAGGGGGTTGGAATTGAGAA
CAAGAGATGGCGGAAGAGGAGGATTCATGGCAGCGCGGGGTGAGATTGGTGTTGCACTTG
GATTCGATCCTTGAAAGTGATCCTTACATTGACGAGCTCGGGTTTGTGCATCCATCCCAACT
GGAGAGTTTGCATTCTCTCGACAATTTTTCTTTAGATCATGAAAAGCCCTTTTTCATGAAAACA
AGGAGAAAACCTGAGGGTCAAGAGGAAGCGGATGACTCTATTCAGTACGCGGAGGATTGTT
CCCAGAGAACTGATGGACCTGAAGTAGAGGCTGAACCGCCTGGGACCAATCCAGATCAGAG
TTATCTGAACAATGTGCAAGGAAAAGTCATCGACTTTCCGTATGACAAATCAGCATTTTGGTG
TGCTCATCACAAGCTCGCCATTGCTGTACCTGCTCTTGCTCCTATTTACGAAGTAGCTAAAAA
GGAATTTCTTGCAAATAGGAAAGCATATATGCAATGCATGGTTGGTACAAAAAGTCTTGGCA
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CGTCTCCGTCCCCCTGCACCTCTCAACTTTCAGAAGTTAGCTCGAGCAATGGACACGCTAAT
GGTTACGTAAATGGTCATGGTAATTTTATTAAGGATGGAGTGAATGGATCTATCAAGGACTC
ACTGCAGACGAATCTCATGCTGTACACAAGAGTTTTGGTGATTGTGAATAGTGACTTTGCAA
GCGCCTGGAATGCCAGAAAGCGTATATTATCGAGAATAGAGGCAACTGAGGAATCTCTTTTG
TCCGAGCTTCGCTTAGCAGGGATGGTATTAGCCTACGGTCCAAAGAGCGAGGAATCGTGGG
CTTACAGGCGGTGGATTATTAACCGAATGATTGCAGTTGGAATTCATTGGAAGACTGTAGAC
TTAGTCTTAGAACGAGACTCAATGCTTGTGGAGGCCATTGCTGGGAGGTCGACGATGAACT
ACCGAGCGTGGCGCCATCGCTATTGGCTTGTCTCGCGCATGTCACTTAAGCAGGTAGCCTC
AGAATTACAGAACACAAAGAAATGGGCGCAACAACATGTAGCTGATAACTGCTGCTTTCATT
ATCGACGGTGTCTTCTTTTAGGTCTACTTCAAGCTGGATTAACGCCCAACAGCAAGAATGTG
AGCTGTCCAACTCTAGCCGATTCTAGAGCCCAGGCTGGCTTATCTTCTGCTTTGTCTATGAA
CCCGCAGCTTTTGACTAAATTATGGAAGGAGGAACTATCCTGGAACAAGGATTTGATTGAAC
GTTTTTTTGGTCGCGAGGCTTTATGGCTACATCGGCGGTTTTTGATCTGGGGTTTCGGCCAC
AATTCGAAGATCTTCAAGTCGACCTCACTTCCAGTTGTATCTAATGATGGTGGCAACACAACT
CCGTTATCTGAAGGGAAGGAGTTTTCTCACAAAGCTGCCCGGCTTGCTGAAAGAGAGCTTCA
ATTTGCTGATGCTTGCATTTCTGCGTGCCGTTCAGATACGTTGGATGATGCATGCAGGCAGC
GAGAATATGCAGCTTCTTACAAACTATGGGTACTTTTGCTGCATGTAGGAGGAAAGGAAGAT
GGGATGAACGGAGAGTCAAACCATAGATTATTGGAGCTGAATAATCTAGAGCTCTTGCTGAA
GGATGTGGGTCCTCATCGTGACTGTTTATGGAATGGTCTGATTCCGAACCTGGTCTAG
GTCCCCGTTCAACACGAAATGAATTAACTGACTCGAACTATCGTCATTTATGGAAATCAGCCC
ATCACCTTTTACTAGTATAATCAATTAAGGACCGTCAGAACTCTAGTTTCTGTAGTACCTAGAT
ATAGATCTCTAGTTTAATTAAGATGGAAATAGGCGAAATGTACTCGTTAATGTGTCTTCATTCT
TGGTATAATAAGCTCTAGTGAGTGCAGTAATCTCATACAAACGGCTCCTGGCTTGTCATAGA
ATATTTAGTGCATCTATTTATGGGCTATATATACTCATCACAAGTACTATGTGAATGGAAGCAT
Figure 2. CDNA sequence of PPAL1 and PPAL2 with prior amiRNA target sequences
(underlined). The green, yellow, and blue refer to the 5′ end, coding sequences (CDS), and the
3′ end respectfully. The 3′ untranslated region (UTR) for PPAL1 was not provided by the APE
program. The feature table (FT) lengths of the exons are shown for PPAL1 and PPAL2, where
the first exon in PPAL1 runs from 1-24, the second from 25-272, the third from 273-881, and so
forth. The CDS in PPAL1 (yellow) begins at the ATG start codon (exon 190) and runs to the TGA
stop codon (exon 1290). The CDS in PPAL2 (yellow) starts at the ATG start codon (exon 559)
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and runs to the TAG stop codon (exon 2220). The sequences for amiRNA1 and amiRNA2
targeting PPAL1 and PPAL2 are underlined and bolded in the cDNA sequences of PPAL1 and
PPAL2.
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Figure 3. CDNA sequences of PPAL1 and PPAL2. The green, yellow, and blue refer to the 5′
end, coding sequences, and the 3′ end respectively. These are the same cDNA sequences as
shown earlier (Figure 2). The teal and red are PPAL1 close matches of the oligo sequences and
the purple is the close match of the PPAL1,2 oligo sequences. This is similar for the PPAL2
cDNA.
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Table 1. Primers
Primers

Sequence

miR319a-F (339; Primer A)

caccAGCTTGATATCGAATTCCTG

miR319a-R (389; Primer B)

GCTCTAGAACTAGTGGATCCCCC

600 (I)

gaTATCCTTGCTAAACGAAGCTAtctctcttttgtattcc

601 (II)

gaTAGCTTCGTTTAGCAAGGATAtcaaagagaatcaatga

602 (III)

gaTAACTTCGTTTAGGAAGGATTtcacaggtcgtgatatg

603 (IV)

gaAATCCTTCCTAAACGAAGTTAtctacatatatattcct

604 (I)

gaTAGCTACCATGTAGTTGCCCCAtctctcttttgtattcc

605 (II)

gaTGGGGCAACTACATGGTAGCTAtcaaagagaatcaatga

606 (III)

gaTGAGGCAACTACAAGGTAGCTAtcacaggtcgtgatatg

607 (IV)

gaTAGCTACCTTGTAGTTGCCTCAtctacatatatattcct

608 (I)

gaTGTATACCTAAAAGTAGACACtctctcttttgtattcc

609 (II)

gaGTGTCTACTTTTAGGTATACAtcaaagagaatcaatga

610 (III)

gaGTATCTACTTTTACGTATACTtcacaggtcgtgatatg

611 (IV)

gaAGTATACGTAAAAGTAGATACtctacatatatattcct

612 (I)

gaTCAATAACGCGTTTTCTAGCAAtctctcttttgtattcc

613 (II)

gaTTGCTAGAAAACGCGTTATTGAtcaaagagaatcaatga

614 (III)

gaTTACTAGAAAACGGGTTATTGAtcacaggtcgtgatatg

615 (IV)

gaTCAATAACCCGTTTTCTAGTAAtctacatatatattcct

616 (I)

gaTTAATATACGCTTTCTGGCGTtctctcttttgtattcc

617 (II)

gaACGCCAGAAAGCGTATATTAAtcaaagagaatcaatga

618 (III)

gaACACCAGAAAGCGAATATTATtcacaggtcgtgatatg

619 (IV)

gaATAATATTCGCTTTCTGGTGTtctacatatatattcct

620 (I)

gaTTTCTAAGACTAAGTCTACCGtctctcttttgtattcc

621 (II)

gaCGGTAGACTTAGTCTTAGAAAtcaaagagaatcaatga
d

622 (III)

gaCGATAGACTTAGTGTTAGAATtcacaggtcgtgatatg

623 (IV)

gaATTCTAACACTAAGTCTATCGtctacatatatattcct
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Figure 4. WMD3. A screenshot of WMD3’s oligo button. The input of the oligo sequences (top)
yielded the oligo primers used in this study (bottom).
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Figure 5. AmiRNA primer sequences targeting oligo regions of PPAL1, PPAL2, and PPAL1,
2 constructed from WMD3 [34]. The six amiRNA sequences used in targeting PPAL1, PPAL2,
and PPAL1,2 were designed using target regions of the cDNA sequence of each gene from the
miRNA sequence generate site WMD3. Oligo primers (miR-s ~ miR*a) used to construct each
amiRNA were also designed using WMD3. The “a” groups are the reverse primers, and the “s”
groups are the forward primers.
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Figure 6. Overview of methods. The methods used in this study involve designing new
amiRNA constructs (a), cloning primer sequences and using single overlap PCR to fuse the
primer sequences to create the amiRNA (b), introducing the amiRNA-encoding precursor into the
entry vector and sequencing (c), and transferring the amiRNA-encoding precursor into the
expression vector (d) and transforming P. patens (e).

Construction of the amiRNA precursor: Cloning amiRNA into the pRS300 plasmid and
ligation using overlapping PCR
The plasmid RS300 (miR319a pBSK) comes with an original, native amiRNA-encoding
template housed in the miR319a stemloop and is shown in Figure 7. Site-directed mutagenesis
was performed using a 4-step overlapping PCR through which this parent template is replaced
with the artificial sequences of the amiRNAs used in this study (Figure 8) as adopted from the
protocol found on WMD3 and adopted from Schwab et al. [35]. The miR319a forward (miR319aF; primer A) and reverse (miR319a-R; primer B) primers and the oligo primers I-IV (Table 1 and
Figure 4) are necessary to modify the regions of the template amiRNA, including the hair pin
structure (red) shown in Figure 9 and exchange them for those encoding the amiRNas targeting
PPAL1 and PPAL2 (blue). The oligo primer sequences contain the necessary changes needed to
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engineer the amiRNA-encoding DNA into the miR319a stemloop via site-directed mutagenesis.
Primers A and B were derived from the template plasmid sequence.
Essentially, the first step introduces changes and amplifies fragments A-IV, a second
separate PCR reaction does the same with III-II, and a third amplifies I-B (Figure 8). These three
steps use ExTaq Polymerase and the native amiRNA-encoding template. Construction of an
amiRNA-encoding precursor was possible from combining agarose-gel extracted PCR products
A-IV, III-II, and I-B in a final, single overlapping PCR reaction with primers A and B using KOD
Polymerase (Figure 8). An example of the subsequently fused PCR products is shown in Figure
10. This was repeated to construct the remaining amiRNA-encoding sequences as color-coded in
Table 2.
For PCR using ExTaq Polymerase, conditions were as follows: initial denaturation at 94
°C for 3 minutes, with 28 cycles of denaturation at 94 °C for 30 seconds, annealing at 55 °C for
30 seconds, and extension at 72 °C for 30 seconds. A final extension was run at 72 °C for 10
minutes—the optimal temperature for ExTAQ Hot Start DNA Polymerase. The amplified amiRNA
fragments were agarose-gel extracted using the QIAquick Gel Extraction Kit (QIAGEN).
For PCR using KOD Polymerase, conditions were as follows: initial denaturation at 95 °C
for 3 minutes, with 30 cycles of denaturation at 95 °C for 20 seconds, annealing at 55 °C for 20
seconds, and extension at 68 °C for 30 seconds. A final extension was run at 68 °C for 10
minutes—the optimal temperature for the KOD Polymerase.

16

Figure 7. The plasmid RS300 (miR319a pBSK; 3369 bp) [36]. This plasmid RS300 (3369 bp)
contains important restriction enzymes (KpnI ~ PstI), the T7 promoter and T3 promoter, the
ampicillin (amp) resistant gene, and the miR319a stemloop. The miR319a stemloop houses the
original amiRNA template. Replacement of - the native microRNA-encoding duplex in pRS300
with the artificial sequences of the amiRNA-encoding fragment involves oligo primers modifying
this region via site-directed mutagenesis and using overlapping PCR to combine PCR products
A-IV, III-II, and I-B in a final reaction with primers A (miR319a-F) and B (miR319a-R).
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Figure 8. Site-directed mutagenesis to construct the amiRNA precursor. This schematic
drawing was adopted from Schwab et al [36] and revised. The construction of the amiRNA
precursor using primers A and B, the oligo primers 600-603 (I-IV), and the native microRNA
template in a 3-step reaction. Three PCR product fragments were created in (A-C): A-IV, III-II,
and I-B. In a final step, overlapping PCR was used to fuse the PCR products (the template) and
create the amiRNA precursor (D).This scheme was used to create the other remaining amiRNAencoding precursors.

Figure 9. Illustration of the microRNA architecture [36]. As discussed earlier (Figure 7), the
native amiRNA-encoding template housed in the miR319a stemloop appears in this form and is
replaced using Primer A (the miR319a-F), Primer B (the miR319a-), and the oligo primers of each
respective amiRNA. The miR319a-F (primer A) and -R (primer B) primers attach to the parent
template. The PCR enzyme ExTaq uses Primer A and Primer B and the oligo primers (Figure 4;

19

miR-s ~ miR*a) to replace the template miRNA regions of the miR319a-encoding stemloop (red)
with the artificial sequences of the amiRNA precursor fragment. Primers A and B were based on
the template plasmid sequence of RS300.

Figure 10. AmiRNA-encoding Fragments combined using PCR and KOD Polymerase [36].
Agarose-gel extracted amiRNA-encoding fragments Primer A (339), IV (603), III (602) and II
(601), and I (600) and B (389) were ligated together using KOD Polymerase and primers A and B.

Table 2. Grouped forward and reverse primers of the PPAL homolog amiRNA-encoding
fragments.
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Topo Cloning amiRNA-encoding constructs into pENTR™, Transformation, and Colony
PCR.

After the creation of the amiRNA-encoding fragment, it was cloned into the Gateway
Directional TOPO entry vector pENTR™ using K252520 pENTR™ Directional TOPO® Cloning
Kit (ThermoFisher) [37] as shown in Figures 11-13. This entry vector pENTR™ (Figure 12) was
chosen because of the ATTL1 and ATTL2 sites that are essential for site-specific recombination.
Topoisomerase recognizes a certain palindromic sequence on the pENTR plasmid (GTGG)
whose compliment is the CACC overhang (provided from primer A) found on the 5’ end of the
amiRNA precursor. For the amiRNA-enoding fragment to be inserted, its own GTGG nucleotides
is cleaved by the TOPO enzyme, allowing for the CACC overhang on the amiRNA sequence to
base pair with the GTGG sequence on the plasmid. This insertion occurs in between the ATTL1
and ATTL2 sites of pENTR. This process is illustrated in Figure 11.
The pENTR™ TOPO vector containing the amiRNA-encoding construct was transformed
into E. coli cells following this protocol and was selected for kanamycin resistance. Success of
transformation was determined by colony PCR using the enzyme ExTaq, the vector specific
primer 304, and the amiRNA specific primer 389 (Table 1). The PCR conditions were as follows:
initial denaturation at 94 °C for 3 minutes, followed by 33 cycles of denaturation at 94 °C for 30
seconds, annealing at 55 °C for 30 seconds, and extension at 72 °C for 90 seconds. The final
extension was 72 °C for 10 minutes—the optimal temperature for ExTaq DNA Polymerase.
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Figure 11. The Gateway Directional TOPO Entry Vector (2.6 kb) from ThermoFisher
Scientific [38]. The Gateway Directional TOPO Entry Vector (2.6 kb) contains the kanamycin
resistant gene and the ATTL1 and ATTL2 sequence where the amiRNA-encoding fragment is
inserted.
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Figure 12. The activity of Topoisomerase from ThermoFisher Scientific [37]. TOPO
recognizes a certain palindromic sequence (GTGG) on the pENTR plasmid whose compliment is
found on the amiRNA-encoding precursor (CACC overhang provided by the primer A). The
enzyme cleaves the GTGG nucleotides of the amiRNA, exposing the CACC overhang and
allowing it to base pair and anneal to the pENTR plasmid. This process allows the amiRNAencoding fragment to be inserted into pENTR in between the ATTL1 and ATTL2 sites.
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Plasmid extraction, purification, and digestion
The OMEGA E.Z.N.A. Plasmid DNA Mini Kit was used to extract and purify the plasmid
pENTR™ TOPO vector from E. coli colonies that were picked. The restriction enzymes EcoRI and
BamHI were used in plasmid digestion to linearize pENTR for sequencing. The resulting purified
amiRNA construct was sent to Eurofins for sequencing using the M13 (304)/RV 17 (305) primers.
The amiRNA-encoding construct was confirmed (459 base pairs) using the APE program and the
artificial microRNA primers 339 and 389.

LR Reaction and Polyethylene glycol (PEG) mediated protoplast transformation
The PEG-mediated Protoplast Transformation protocol developed by Yuji Hiwatashi and
Mitsuyasu Hasebe [39] was used and requires a series of steps in order to introduce the plasmid
into the moss: fusion of the entry and destination vector via the LR Reaction (Figure 14) to produce
the expression vector that will later be introduced into moss; transformation and selection of E. coli
cells for ampicillin resistance to test for homologous recombination of the destination vector with
the bacterial chromosome; plasmid preparation via extraction; digestion; and linearization;
preparation of protonema for transformation; and, finally, PEG-mediated DNA transfer into fresh
chloronema-protonemal cells. This protocol calls for protoplasts to be transformed using PEG and
regenerated on non-selective medium. Stable and non-stable transformants are selected on plates
supplemented with antibiotics and then transferred back onto non-selective medium. At this point,
it is possible for non-stable transformants to lose the transforming DNA. Colonies are selected once
more on antibiotic medium, which allows for stable transformants to be identified.
The amiRNA-encoding fragment cloned into the pENTR entry vector was combined with
the destination plasmid PGX8 (Figure 13) via the LR site-specific reaction (Figure 14). L1 and L2
are recombination sites for the pENTR entry vector and R1 and R2 sites belong to the destination
vector. The product of this reaction yielded the expression vector and the byproduct pENTR vector
with the gene ccdb, a gene that is toxic and prevents the growth of E. coli cells. Transformed E.
coli cells were grown on LB-ampicillin plates. Colonies contained the destination vector that had
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the byproduct with ccdb did not grow. The result plasmid was extracted using the PureYieldTM
Plasmid Midiprep System and digested with Pmel to linearize for transformation of P. patens. Pmel
was used in plasmid linearization to cut the ColEI ori segment off, further aiding the digested
plasmid’s integration into the genome and allowing for efficient gene replacement via homologous
recombination.
For PEG-mediated DNA transformation to occur, protonema cells were prepared as in this
protocol. The protonemal cells were homogenized and cultured on day 1 and grown at 25 °C for 4
days, although typically 3 to 5 days is an optimal range. On day 4, the propagated protonema cells
were sub-cultured onto new plates, and grown at 25 °C. On day 8-9, transformation was followed
by incubation of transformed protoplasts in a top agar for 3 to 5 more days. On day 12, the top
agar containing protoplasts were transferred onto a selection plate supplemented with antibiotics.
The plates were cultivated for 3 more weeks on the selection medium. On day 43 (3 weeks after
transformation) a fragment of the colony grown onto the selection plate was transferred to an
antibiotic-free plate. This colony was incubated for a week. On day 50 (4 weeks after
transformation) a fragment of the colony grown on the non-selection plate was transferred to a
selection medium supplemented with antibiotics. These colonies incubated for one week. On day
57 (5 weeks after transformation) any that survived were selected and considered as stable positive
transformants, which describes colonies where the expression vector has integrated into the moss
genome.
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Figure 13. The destination vector pPGX8 (13056 bp) [40]. The destination vector pPGX8
contains several important components: ColEI ori, the gateway rfcA (1700bp), the hygromycin
(HygR) gene, PmeI, and important components used in XVE chimeric transcription activation to
induce the expression of the downstream PPAL amiRNA gene. The ColEI ori segment allows for
replication in E. coli cells, the LexAop promoter is where transcription begins in P. patens, and the
gateway rfcA holding the gene ccdb will be replaced by the insert and remains between the two
recombination sites after the LR reaction. P35S drives the transcription of the HygR gene whose
product is used to select for resistance in potential moss transformed cells. PmeI is the gene
encoding the restriction enzyme PmeI used in plasmid linearization. The plasmid has two
restriction sites for PmeI (site marked as arrows above), where PmeI recognizes and cuts at the
sequence noted.
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Figure 14. The LR Site-Specific Reaction [41]. The destination plasmid PGX8 combined with
the entry vector pENTR containing the amiRNA insert via the LR site-specific reaction. L1 and L2
are recombination sites for the pENTR entry vector and R1 and R2 sites belong to the destination
vector. The product of this reaction yields the expression vector and the byproduct pENTR vector
with the gene ccdb, a gene that is toxic and prevents the growth of E. coli cells. Transformed E.
coli cells grown in LB medium and ampicillin to select for the destination vector. Colonies that
emerge contain the destination vector.

RESULTS
Preliminary results indicative of PPAL’s role in growth and propagation
Previous researchers in the Running lab knocked down expression of PPAL1 and PPAL2
using different amiRNA constructs. Exogenous β-Estradiol was used to activate XVE, which binds
to the LexA operator and recruits RNA Pol II to the CaMV m35S promotor to induce the
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transcription of the downstream gene, in this case the PPAL1- and PPAL2-targeting
amiRNA-encoding gene. PPAL1 and PPAL2 amiRNAs targeted and lowered expression levels of
the PPAL genes. The results of this study are shown in Figure 15 for PpPPAL1 and are similar for
PpPPAL2. PpPPAL1 and PpPPAL2 knockdowns exhibit reduced growth and propagation, fewer
gametophores, and fewer caulonema. However, these knockdown lines did not have very severe
phenotypes. Knockouts of these genes were lethal, leading to the desire to generate new
amiRNA knockdown lines that reduce expression more efficiently in order to further explore the
impact on metabolic processes and visible phenotypes.

Figure 15. PpPPAL1 plays a role in growth and propagation of P. patens. Exogenous βEstradiol was used to induce the assembly of RNA Polymerase II complex to transcribe PPAL1
and PPAL2 amiRNA in stable transformants, which could then target and lower expression levels
of PPAL1 and PPAL2 respectively. Compared to the control (A) which lacks β-Estradiol and does
not transcribe the PPAL1 amiRNA, knockdown of PpPPAL1 (B) displayed less gametophore
content (arrow) and fewer caulonema (circle), structures that are required for sexual reproduction
and polar cell elongation respectively. As a result, PPAL1 knockdowns showed reduced growth
and propagation. PpPPAL2 knockdowns showed a similar phenotype.
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Agarose gel extraction of amiRNA products following ExTaq PCR
To begin construction of amiRNAs to achieve more effective knockdown of PPAL genes,
the Running lab used the WMD website to design new amiRNAs and primer sequences (I-IV),
and used site-directed mutagenesis of an existing amiRNA-encoding template to replace with the
sequences of the designed amiRNA. In three individual steps, the amiRNA-encoding PCR
product fragments A-IV, III-II, I-B were generated. Using PCR and specifically the enzyme ExTaq
polymerase (ExTaq PCR), it is possible to confirm the replacement of the parent template with
the artificial sequences of the amiRNA-encoding fragment. Gel results of the amiRNA-encoding
PCR product fragments (3), each roughly 150 base pairs, are shown for each amiRNA fragment
(6 total) they construct and are shown in Figure 16. As a result, a 1% agarose, double-combed
gel was used and the PCR products were loaded in lanes 1-9 and 10-19, consecutively grouped
by the amiRNA-encoding fragment (represented by each box) they construct and to be extracted.
These groupings are color coded and indicated in Table 2. Appearance of bands in these lanes
verified the successful replacement of the existing template with the artificial sequences of the
designed amiRNAs, since PCR fragments A-IV, III-II, and I-B of each amiRNA were amplified.
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Figure 16. Agarose Gel of PCR Products. The panel above is a 1% agarose double-combed
gel and shows the screening of the amiRNA PCR product precursor fragments A-IV, III-II, I-B.
The PCR fragments were loaded consecutively (represented by the boxes a-f), grouped by the
amiRNA they will construct (Table 2). For example, if one amiRNA consists of primer A (339),
oligo primers 603(IV), 602 (III), 601(II), 600 (I), and primer B (389), then one lane contains A-IV,
the lane next to it is the PCR fragment III-II, and the adjacent lane has I-B. Loading these PCR
products consecutively helps to facilitate proper extraction from the gel to use in the final, single
overlapping step to construct the amiRNA precursor. This is similar for the other PCR product
fragments of the other amiRNAs (6 boxes total). Each PCR fragment is roughly 150 bp and
combined together and later sequenced gives 459 base pairs. A size standard was not used
since PCR products are expected to be near the same size.
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Construction of agarose gel-extracted amiRNA primers using PCR and KOD Polymerase
ExTaq was used to amplify sequences needed to construct each of the six PPAL
amiRNA-encoding genes used in this study. The PCR products belonging to the amiRNA they
construct were extracted and purified from agarose. The QIAquick Gel Extraction Kit was used in
extraction. In order to fully construct each PPAL amiRNA, the PCR products A-IV, III-II, and I-B
were combined together using overlapping PCR, primers A and B (Figure 8; Figure 10), and KOD
Polymerase. The enzyme KOD was selected because of its high efficiency and greater
proofreading and amplification abilities. KOD uses primers A and B and the template created from
the PCR products A-III, III-II, and I-B (Figure 8; step d in Figure 9) to polymerize and ligate these
primers together, to produce the continuous amiRNA precursor gene. Gel results of the combined
amiRNA-encoding fragments (Figure 8; Figure 10) show successful PPAL amiRNA constructs
due to the amplification and the appearance of each band around 450 base pairs, which is close
to the exact size of each amiRNA-encoding construct after sequencing (459bp).
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Figure 14. Gel Panel of Overlapping PCR Products using KOD Polymerase. The panel
above is a 1% agarose gel and shows the screening of each respective amiRNA fragment that
was amplified and ligated together using overlapping PCR with primers A and B, the PCR
products fragments as the template, and KOD Polymerase. A 2-Log DNA Ladder (0.1-10.0 kb)
was used and loaded into Lanes 1 and 11. These PCR products were loaded in Lanes 2, 6, 7, 12,
14, and 18, appearing past the .5kb mark, and are roughly around 450 bp.

Insertion of the amiRNA construct into the pENTR™ TOPO vector
For the amiRNA to be introduced into moss, it must be introduced at a specific site of an
expression vector that is designed specifically for transformation in the organism of interest. An
expression vector is created after fusion of a Gateway entry and destination vector. In the case of
P. patens, fusion between the Gateway Directional TOPO entry vector pENTR™ and the pGX8
destination vector via the LR reaction replaces the gateway rfca for the amiRNA-encoding insert
to yield the expression vector. For this to occur, the amiRNA constructed from KOD-PCR was
cloned into the pENTR vector in between the ATTL1 and ATTL2 sites. These sites are essential
for site-specific recombination when fused with the destination vector pGX8. Success of
transformation of the pENTR™ TOPO vector possibly containing the amiRNA construct was
determined by colony PCR using the enzyme ExTaq, the vector specific primer 304, and the
amiRNA specific primer 389. Success of amplification of the PCR products was assessed using
gel electrophoresis.
A picture of the gel was not able to be obtained due to the poor quality of the photo but
will be described. Prior to gel electrophoresis, a vector specific primer (for pENTR TOPO) and an
amiRNA specific primer was amplified using PCR via ExTaq Polymerase. The panel was a 1%
agarose gel showing the screening of the PCR products, the pENTR TOPO plasmid primer and
the amiRNA 389 primer. A 2 Log DNA Ladder (0.1-10.0 kb) was used and loaded into Lane 1,
and the PCR products were loaded into another lane. Two bands appeared: the amiRNA 389
product around 459 base pairs and the vector specific product around 2600 base pairs. The
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appearance of these bands confirmed the successful insertion of the amiRNA into the entry
vector.

Double selection yields positive moss transformants
The entry vector was combined with the destination vector pGX8 via the LR site-specific
reaction, which allows for the amiRNA-encoding insert to be swapped from the entry vector into
the destination vector creating the expression vector necessary to proceed with moss
transformation and the byproduct pENTR with the gene ccdb. Introducing this plasmid to E. coli
cells and selecting for ampicillin resistance verified the insertion of the amiRNA into the
expression vector. By digestion of the extracted plasmid from positive colonies, the plasmid was
confirmed to be in a configuration that allowed more efficient transformation. Chloronemaprotonemal cells (Figure 15) have greater transformation efficiency. Double selection of potential
moss transformants post incubation on HygR-BCDAT plates yielded positive moss transformants
(Figure 16). 70 colonies were observed and each amiRNA is represented among those colonies.
The integration of the amiRNA precursor into the moss genome will be confirmed by extracting
RNA and performing RT-PCR.

Figure 15. Protoplasts [33]. Transformation reverts moss from its protonemal stage into a
protoplast stage (small, oblique circles).
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Figure 16. Double selection of moss transformants. Potential transformants are first selected
and grown in HygR-BCDAT plates for 3 weeks and then transferred to antibiotic free BCDAT
growth media for one week to regenerate. Mutants from the first selection, after incubation in
antibiotic free media, were selected once more on antibiotic media. Positive, stable amiRNA
transformant colonies (70) grew after one week and are pictured.
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DISCUSSION
Protein prenylation remains an important process to study because of its many
applications to human diseases and cancers, insight provided into evolution and colonization of
land, and potential advances in the algae biofuel industry and agriculture. In addition, P. patens
provides an excellent system to study plant prenylation mechanisms due to its haploid dominant
life cycle, sequenced genome, efficient gene targeting due to high rates of homologous
recombination gene replacement, and ability to perform knockouts, knockdowns, and
transformation readily, especially at the earliest protonema-chloronema stage in the life cycle of
P. patens which affords greater transformation efficiency than older protonema such as
caulonema-protonemal cells.
Although the biochemical function of PPAL is still unknown, its similarities in sequence to
known prenylation enzymes and the phenotypes of A. thaliana PPAL knockdowns provide clues
as to the potential roles of PPAL, although more in-depth phenotypic studies are needed. The
purpose of this study was to characterize further the functional role of PPAL 1 and PPAL2.
Previously, the Running group explored prenylation mechanisms in the flowering plant A.
thaliana, including the roles of prenylation enzymes PFT, PGGT, Rab-GGT and preliminary
studies of PPAL. Knockouts of either PPAL1 or PPAL2 in P. patens proved to be lethal,
suggesting that PPAL1 and PPAL2 are both necessary for the survival of P. patens. In addition, a
prior study investigated the effects of amiRNA constructs to target and knock down PPAL1 and
PPAL2 (Figure 2). Preliminary results (Figure 11) indicate a possible role for PPAL in
differentiation and propagation. It is also likely that PPAL knockdowns may have deficiencies in
sugar metabolism, based on prior studies in A. thaliana. Since the moss PPAL knockdown
phenotypes displayed prior studies in the Running lab were not strong, new amiRNA constructs
were designed to produce PPAL1 and PPAL2 knockdowns with stronger phenotypes.
In designing the new amiRNA constructs using WMD3, two different types of amiRNA
were used for comparison purposes in this current study to target PPAL homologs (Figure 3).
Some of the variables taken into account in choosing these target sequences included homology
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between the artificial microRNA sequences and the sequences within the cDNAs of PPAL1 and
PPAL2, in addition to an optimal GC-rich composition of target sites, which allows for stronger
selection and binding of the amiRNAs.
When constructing the amiRNA precursor, the native amiRNA-encoding sequence in
pRS300 (Figure 6) was modified by site-directed mutagenesis using PCR and ExTaq
Polymerase, and products were purified by the QIAquick Gel Extraction Kit and extracted. RS300
was the plasmid chosen to use because it contains a template native microRNA duplex (miR319a
stemloop) that is replaced by the sequences of the oligo amiRNA primers I-IV (Figure 5-6, 8, 12).
Replacement of the template native microRNA regions (red) is possible due to Primer A
(miR319a-F) and Primer B (miR319a-R) primers and the oligo primers binding to the native
strand. The oligo primer sequences contain the changes needed to generate and replace this
region of the stemloop (red) with the artificial sequences (red) of the amiRNA fragment.
In continuing the construction of the amiRNA precursor, the agarose gel-extracted
amiRNA-encoding fragments were fused by KOD-PCR using the A (339) forward and B (389)
reverse primers to form the PPAL amiRNA homolog constructs (Figure 7). The enzyme KOD was
selected because of its high efficiency and greater proofreading and amplification abilities. KOD
uses the miR319a-F and -R primers to polymerize and ligate these primers together, to produce
the continuous miRNA precursor gene that is inserted into the Gateway Directional TOPO entry
vector pENTR™ in between the ATTL1 and ATTL2 sites. For the amiRNA-encoding construct to
be inserted, the TOPO enzyme cleaves the GTGG nucleotides of the amiRNA, exposing the
CACC overhang and allowing it to base pair with the pENTR plasmid.
This process allows the amiRNA-encoding fragment to be inserted into pENTR in
between the ATTL1 and ATTL2 sites. Transformation of bacterial colonies allows for replication of
the pENTR™ vector possibly containing the amiRNA-encoding construct. Selection of bacterial
cells on medium containing kanamycin confirmed that the bacterial colonies grown contained
pENTR™ (Figure 8). To check if the insert was in the plasmid, colony PCR was used, which
confirmed the plasmid’s incorporation as described in the results section of the amiRNA-encoding
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construct insertion into the pENTR™ TOPO vector. Although colony PCR provided information
on the presence of the plasmid, plasmid digestion allowed for successful separation of the
plasmid and the amiRNA-encoding construct to map out and sequence (459 bp). Sequencing
confirmed the amiRNA-encoding construct incorporation into the pENTR plasmid, which was
necessary to proceed forward with PEG transformation.
In order to introduce the plasmid into moss, a series of steps were performed following
the PEG-mediated Protoplast Transformation protocol developed by Yuji Hiwatashi and
Mitsuyasu Hasebe [39]. Essentially, the entry vector and destination vector are fused via the LR
reaction. This fusion permits the amiRNA-encoding insert located in between the ATTL1 and
ATTL2 sites of the entry vector to be swapped for the ccdb gene previously located in between
the ATTR1 and ATTR2 sites of the destination vector, yielding the desired expression vector and
the byproduct pENTR vector with the ccdb gene. To test for successful insertion of the amiRNA
into the expression vector, the plasmid was introduced into E. coli and the colonies were
screened for ampicillin resistance. The resulting plasmid was extracted from colonies and
prepared for PEG-mediated transformation via plasmid digestion using Pml, an enzyme that
cleaves the ColEI ori region thereby linearizing the plasmid for PEG-mediated DNA transfer into
fresh chloronema-protonemal cells.
As discussed in the introduction (Figure 1), chloronema-protonemal cells are more
efficiently transformed than are older protonemal stages, such as caulonema-protonemal cells.
To obtain fresh protonemal cells, P. patens was subcultured. To introduce the plasmid into the
moss, the cell wall of a protonemal cell is broken down to produce a protoplast (Figure 15). Since
a chloronema-reached protonema phase is optimal for transformation, cells at that stage were
used in the transformation. Potential transformants were first selected and grown in LB-HygR
plates for 3 weeks and then transferred to antibiotic free BCDAT growth media. After one week,
the potential transformants were subjected to a second selection and the observed colonies were
considered stable, positive transformants, where the expression vector has integrated into the
moss’s genome.
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This transformation of P. patens with the constructs has been performed five times, but
was successful in the last attempt. During the 5th attempt, 70 colonies were observed after
double selection (Figure 16). Further investigation, such as Colony PCR, will be conducted using
primers for the insert and the plasmid to confirm the constructs. Failed transformation attempts
were likely a result of not obtaining protoplasts after digestion of the cell wall but instead dead
plant tissue; this procedure calls for gentle and keen handling. It is also possible that the moss
had not reached or had surpassed the chloronema-favored protonemal stage of the life cycle
when transformation was attempted.
Regardless, moss lines of positive transformants are needed in order to knock down
PPAL1 and PPAL2 and characterize phenotypic changes, study expression levels, and examine
its effect on developmental processes in P. patens, thus elucidating the function of PPAL in
cytoskeletal dynamics, sugar or lipid content, and vesicle transport.
To knock down PPAL1 and PPAL2 genes, the destination vector must contain several
important components (Figure 10), including the components used in XVE Chimeric Transcription
Activation in the presence of β estradiol: XVE, LexA, VP16, and the Cauliflower Mosaic Virus 35S
promoter (CaMV m35S). XVE is a chimeric transcription activator, the LexAop is the promoter
region where LexA, a bacterial repressor, binds, and VP16 is the transcriptional activation
domain. After the LR reaction between the entry and destination vector as described earlier, the
gateway rfcA is replaced by the amiRNA-encoding insert. When a positive transformant is grown
in the presence of β-estradiol (the experimental plate), it induces the transcription of the PPAL
amiRNA, which will target the PPAL genes and lower their expression.
Specifically, exogenous estradiol activates XVE which has been modified with a DNAbinding domain to be able to bind to the LexA operator in place of LexA. This action recruits RNA
Polymerase II (RNA Pol II) to the housekeeper CaMV m35S promoter to induce transcription of
the downstream gene, the PPAL amiRNA. The PPAL amiRNA constructs target the oligo
sequences of PPAL1 and PPAL2 (Figure 2) by binding and degrading the PPAL mRNA. The
m35S is a very strong constitutive promoter in plants [42], and so it allows for high expression of
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the amiRNA gene and thereby lowers expression of the PPAL mRNA genes. Knocking down
these genes could produce observable phenotypes to help characterize the role of PPAL.
As mentioned earlier, future research directions involve studying the expression levels
and the developmental and metabolic processes in P. patens. Transformed lines with the most
efficient reduction of expression, as assessed by qRT-PCR will be selected for these studies
using the RNAeasy Mini Kit ordered online from Qiagen [43]. Subcellular phenotypes will be
assessed by examining cytoskeletal dynamics and vesicle transport, as these components are
important in elongation and differentiation processes. Using fluorescent markers that are on hand,
cytoskeleton microtubules will be tagged with GFP and examined by fluorescent microscopy
(NIKON TE200) and confocal microscopy (NIKON A1) to trace protein contents using time-lapse
live cell imaging. GFP-RabA4B markers will be used to assess vesicle transport, as RabA4BGTPase-associated vesicles are directed to the tips of protonemal structures. Sugar sensitivity
will be assessed by growing the plants on sugar-containing media, and sugar content will be
measured using mass spectroscopy. Together, these procedures performed currently and in
future studies will characterize the biological role and function of PPAL in P. patens.
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